Porphyrins, Hemes, Oxygen, and Electrons The utility of metal-bound porphyrin rings for the transfer of electrons was established early in evolution, as witnessed by the ubiquitous cytochromes that pass electrons down an electrochemical gradient in the respiratory chain, eventually reducing 02 to H20 and yielding energy in the form of ATP in the process. Other hemoproteins catalyze a variety of oxidations, with roles as diverse as protecting cells from peroxides and breaking down the very stable wood polymer, lignin. Even in photosynthesis, where solar energy is used to take electrons from a "low-energy" donor such as H20 (evolving 02) and pass them down an ATP-yielding electron transfer chain, the porphyrin rings in chlorophylls serve to harvest the quanta of light energy and eventually feed them to the photosynthetic reaction center. Protoporphyrin IX with an iron ion coordinately bound in the middle of its flat, planar structure (known as a heme molecule when the iron is in the 2+ oxidation state) is used in proteins as diverse as cytochromes and ligninases for just such electron transfers and oxidations, with the iron switching cyclically between oxidation states. Other hemoproteins have been adapted to allow the reversible binding of oxygen to the heme, with the iron staying in its 2+ state. The proteins that carry the heme and facilitate the reversible binding of oxygen are called hemoglobins. Hemoglobins are usually thought of as the major proteins in erythrocytes circulating in the blood of vertebrates, carrying that oxygen generated by photosynthesis to the far reaches of respiring tissues in the body. Indeed, hemoglobins were first found in blood simply because they are so abundant, with a concentration in normal blood of 15 g per 100 ml. However, it has become clear that hemoglobins are very widespread in the biosphere and are found in all groups of organisms including prokaryotes, fungi, plants, and animals. Recent papers have clarified some issues about the evolution and possible functions of these hemoglobins, although many issues remain unresolved.
Animal Hemoglobins
The hemoglobin that can be readily isolated from the blood of any vertebrate is a heterotetramer of two a-globin and two 13-globin polypeptides, with a heme tightly bound to a pocket in each globin monomer. The movements and interactions between the a-and p-globin subunits lead to the cooperative binding of oxygen to this heterotetramer, allowing it to pick up oxygen readily in the lungs and to unload it efficiently in the peripheral respiring tissues. The amino acid sequences of the a-globins and 3-globins are about 50% identical, regardless of which vertebrate species is the source, arguing that these two genes are descended from a common ancestor about 450 million years ago, in the ancestral jawed vertebrate (1) . Both a-globins and P-globins are about equally divergent from the monomeric myoglobin, an oxygen storage and delivery protein found in many tissues. Myoglobin lacks the exquisite cooperativity of the blood hemoglobins, but its relationship to them is clear both from the primary sequence and from the virtually identical three-dimensional structures-the classical globin fold (2) . Further studies have found hemoglobins in jawless vertebrates and in diverse invertebrates ranging from flies (arthropods) to earthworms (annelids) to nematodes (3) (4) (5) . These invertebrate hemoglobins are clearly related to those of the vertebrates in primary structure, although in some invertebrates, the large extracellular hemoglobins are fusion proteins composed of multiple copies of the familiar monomeric globins. As hemoglobins are found in more and more distantly related species, the estimated time for the last common ancestral hemoglobin gene moves further back to at least 670 million years ago in the case of the invertebrate/vertebrate divergence (6) (Fig. 1 (9) . In addition, the binding of oxygen to leghemoglobin may help sequester the oxygen away from the nitrogen-fixing machinery, which is readily poisoned by oxygen (2) (8) , like the genes for leghemoglobins (15) and all other plant hemoglobins (see Fig. 1 ). The first and third introns are in positions homologous to those of the two introns found in vertebrate a-globin and P-globin and myoglobin genes. The second plant intron interrupts the region coding for the E helix of hemoglobin. This central intron, in addition to the two introns in vertebrate globin genes, had been predicted by G6 (16) based on the domains or "modules" of hemoglobins, derived from the analysis of distances between the a-carbon atoms in the folded polypeptide chain. Its subsequent discovery in the genes for leghemoglobins supported the notion that exons encode discrete structural domains of proteins (17) . However, more recent evidence of diversity of intron positions in other hemoglobin genes (see below) has led to a robust challenge to the exon theory of genes (18) . (19) . Of particular interest are the reports of hemoglobin genes in the nematodes Pseudoterranova andAscaris that have not only the first and third introns homologous to those in vertebrate hemoglobin genes, but also a central exon that interrupts the region coding for the E helix, similar (but not identical) to the position of the plant hemoglobin central exon (4, 5) .
Thus, one can propose that the ancestor to plants and animals had a hemoglobin gene with three introns (see Fig. 1 ). This arrangement has been retained in all the plant hemoglobin genes, both symbiotic and nonsymbiotic, and also in certain nematodes. The central intron was lost before the divergence of annelids and arthropods, and hence is absent in all vertebrate hemoglobin and myoglobin genes. The phenomenon of intron loss was carried to an extreme in several hemoglobin genes in the midge Chironomus (an arthropod), which lack introns (20) . Other nematode hemoglobin genes have lost one or more introns from the ancestral three intron structure (for review, see ref. 21 ).
Although this model is attractive in its simplicity, the assignment of the central intron as homologous between plant and nematode hemoglobins is not definitive. Alignment of plant and nematode hemoglobin sequences shows several matches on both sides of the E helix, but the region interrupted by the central intron is completely different. Simply starting from the predicted beginning of the E helix in the published alignments (5), the central intron in nematodes interrupts the eighth codon, whereas the central intron in plants falls between the fourteenth and fifteenth codons encoding this helix. Thus, the introns appear to be in slightly different places and in different phases. Whether this is the result of extensive divergence from a common ancestor, resulting in intron "sliding," or independent insertions of introns (22) requires further study (discussed in ref. 21 ). Regardless of whether the central intron was present early or inserted later, the sequence relationships and overall gene structures argue strongly for an ancestral hemoglobin gene being present more than 1500 million years ago, before the divergence of plants and animals. This model should be subjected to a rigorous statistical test. If verified, then it follows that the first and third introns are at least as old as the last common ancestor to plants and animals. Hemoglobins in Protists, Fungi, and Bacteria Recent studies show that the hemoglobin gene is truly ancient, preceding the divergence of prokaryotes and eukaryotes, and it now appears in a variety of exon/intron arrangements (see Fig. 1 ). The subfamily of hemoglobins found in protists forms a distinct branch on cladograms (7). The hemoglobin gene in the protozoan Tetrahymena has no introns, the homologous gene in Paramecium has a single intron that does not correspond to any other globin gene intron, and one hemoglobin gene in the algae Chlamydomonas has three introns, at least two of which are in unique locations (23) . Because these appear to be homologous genes, one must propose either many introns in the ancestral gene followed by differential loss, substantial intron sliding, or repeated insertions of introns to obtain the' contemporary structures. The hemoglobins in Chlamydomonas are found in the chloroplast, are lightinducible, and may serve to trap oxygen and perhaps deliver it to the cytochrome oxidase of the respiratory chain (23) .
A flavohemoglobin from the yeast Saccharomyces is a fusion of a heme-binding domain and an FAD-binding domain (7); like most genes in Saccharomyces, it has no introns. The yeast flavohemoglobin is induced by high oxygen conditions and has been implicated in regulation or signaling (7, 24 (25) . TheAlcaligenes flavohemoglobin has been implicated in catalyzing a redox reaction, transferring a hydride ion from NADH to FAD and then the two electrons, through the heme, to a still-unknown substrate (25) . The hemoglobin in the sliding bacterium Vitreoscilla is not fused with a flavoprotein domain. In contrast to the regulation of the yeast hemoglobin, it is induced 50-fold when cells are grown in hypoxic conditions. Its ability to complement deficiencies of terminal cytochrome oxidases in E. coli suggests that this hemoglobin can receive electrons during respiration (26) . A hemoglobin has also been found within a nif operon in the cyanobacterium Nostoc commune (27) . Thus Runnegar (30) has proposed that globins may be derived, at least in part, from the bS cytochromes based on similarities in the amino acid sequences (see Fig. 1 ). Regardless of the relationships among the proteins that bind them, it is likely that metal-bound porphyrin rings or related compounds were present at the time that photosynthesis evolved; indeed, they may have been utilized then as now in capturing light energy. One can speculate on interesting scenarios for the use of hemoproteins once oxygen appeared through photosynthesis. Perhaps they were initially used to protect cells from the oxygen that now confronted them in the environment. Once the utility of oxygen as an electron acceptor was realized in the evolution of respiratory chains, hemoproteins could now serve as electron-transfer agents (leading to contemporary cytochromes) and possibly to scavenge scarce oxygen to provide to the respiratory chain (leading to contemporary myoglobins and nonsymbiotic hemoglobins). Further gene duplications and divergence would allow the capacity to catalyze other redox reactions to evolve. In multicellular organisms, the oxygen-scavenging hemoglobins could evolve into the abundant hemoglobins now used to transport oxygen.
Primary sequence relationships may not be particularly useful in testing these proposed connections, because the ancestral amino acid sequence may have diverged beyond recognition after billions of years of evolution. A more useful guide will be determination of three-dimensional structures by x-ray crystallography. In this regard, it is notable that the light-harvesting biliprotein, C-phycocyanin, from the cyanobacterium Mastigocladus laminosus has a three-dimensional structure very similar to that of a globin (31), suggesting a common ancestry. Although this is not a heme binding protein per se, it does bind a linear tetrapyrrole pigment derived from heme. Heme binds between two a-helices, coordinated to histidine, in proteins as diverse as lignin peroxidase (32) and cytochrome b562 (33) , but the topology of these helices differs from the globin fold. Is this divergent or convergent evolution? As more structures are determined, it will be highly instructive to see which distant relationships among hemoproteins will be confirmed, and determining how far the superfamily of hemoglobin genes reaches.
